In the last 50 years, brazing of titanium and/or titanium alloys has been studied and a number of filler metals have been developed. Commercially pure titanium was brazed with commercially produced atomized brazing filler metal powder in an industrial vacuum furnace. TiZr-based alloy filler metals were utilized in this study. We investigated the joint strength by shear strength tests and by observing the microstructure at the brazed joint. The shear strength tests revealed that the joint strength of Ti-Zr-based alloy filler metals for a brazing time of 60 min was approximately 300 MPa, which is almost the same as the base metal strength. Zirconium diffused into the base metal, thereby transforming from -Ti to -Ti for a temperature below the -transformation temperature of the base metal, and the diffusion of nickel and copper into the base metal was accelerated. The brazing filler metal remained at the brazed joint for a brazing time of 10 min; however, for an increased brazing time, it disappeared because of isothermal solidification. It is understood that isothermal solidification was mainly controlled by the diffusion of zirconium.
Introduction
In the last 50 years, brazing of titanium and/or titanium alloys has been studied and a number of filler metals have been developed. The filler metals used for titanium brazing can be divided into Ag-, Al-, and Ti-based filler metals. 1) In particular, Ti-based filler metals exhibit excellent mechanical properties such as high corrosion resistance and joint strength. 2, 3) However, the manufacture of Ti-based filler metals is not as easy as that of other filler metals because of their characteristics; therefore, they are manufactured in the form of mechanically alloyed or clad ribbons, which are well known as Ti-Cu-Ni. Recently, Ti-Zr-based filler metals have been developed in the form of alloy powder by the gas atomization process and have been manufactured successfully ever since.
On the other hand, many studies have reported titanium brazing with Ti-based filler metals, where an amorphous foil produced by a rapid solidification or a clad form foil were used. [4] [5] [6] [7] [8] [9] [10] However, very few studies have focused on brazing using titanium in the form of an alloy powder by the gas atomization process. Moreover, the brazing processes reported were mostly carried out by induction heating as a rapid heating process. Therefore, not many studies based on the application of furnace brazing to mass production process have been conducted.
In this study, commercially pure titanium was brazed with commercially produced atomized brazing filler metal powder in an industrial vacuum furnace. We investigated the joint strength by shear strength tests and by observing the microstructure at the brazed joint. This investigation has provided further insight into the interfacial reaction related to the dissolutive reaction between solid titanium and liquid brazing filler metal during brazing.
Experimental Procedure

Specimens and filler metals
Commercially pure titanium (grade 2) was used as the base metal. The schematic diagram of the specimen is shown in Fig. 1 . The specimens were polished to a particular roughness and then washed ultrasonically in acetone. The shape of this specimen is simple as compared to that of the convectional shear strength test specimen.
11) Therefore, this is a much better design for materials such as titanium, which are difficult to machine. In addition, the mechanical properties of this specimen have already been evaluated. It was confirmed that identical results are obtained for this specimen and the convectional shear strength test specimen. 12) Ti-Zr-based alloy filler metals produced by gas atomization were utilized in this study. A typical secondary electron image (SEI) of the brazing filler metal powder is shown in Fig. 2 . A typical spherical atomized powder with no residues or slugs was observed on the surface of each particle. Table 1 . These atomized filler metal powders were made into a paste by mixing them with a particular amount of organic binder. A fixed amount of brazing filler metal, 0.3 g, was applied at the joint, and the specimens were set using a fixture.
Brazing condition
Brazing was performed in an industrial vacuum furnace using the high-purity shield gas process (carrier gas process 13) ). In this process, a particular amount of high purity argon gas (99.9995%) is passed into the vacuum furnace chamber during vacuuming in order to prevent the vaporization of the filler metal and to expel the gas from the chamber, fixture, or specimen. Considering the transformation temperature of the base metal and the melting point of the brazing filler metals, the brazing temperature was fixed at 880 C. It was reported that it is possible to obtain a sound joint with better joint strength in order to promote the interfacial reaction between solid base metal and liquid brazing filler metal in the case of formation of a brittle intermetallic compound at the brazed joint.
14) Therefore, the brazing time was varied to 10, 30, and 60 min, in order to facilitate the interfacial reaction between the solid base metal and the liquid brazing filler metal.
Shear strength test
The joint strength was evaluated by the shear strength test. The shear strength test jig is shown in Fig. 3 . This jig is designed to enable a perfect fit for the specimen so that it stays in position during testing, thereby enabling the shear stress to be loaded precisely on the joint.
The crosshead speed was set to 1 mm/min, and the test was performed at room temperature. The shear strength was determined as given in the equation in Fig. 3 . The number of specimens was n ¼ 8, and the average strengths were defined as the joint strength.
Microstructure observation and analysis
The cross section of the brazed joint was observed using an optical microscope and the SEI of the field emission scanning electron microscope (FE-SEM). The elemental distributions at the brazed joints were analyzed from the energy-dispersed X-ray (EDX) examinations.
Results and Discussions
Shear strength test result
The result of the shear strength tests revealed that the joint strength increased slightly with the brazing time. In the case of a brazing time of 10 min, the joint strength with filler metal No. 1 was 140 MPa and that with No. 2 was 100 MPa. When the brazing time was 60 min, the joint strength of both No. 1 and No. 2 was 300 MPa.
Microstructure at the brazed joint
The typical SEI of the cross-sectional microstructure at the brazed joint with filler metal No. 1 for 10 min and its EDX results are shown in Fig. 4 . The brazed joint comprises a brazing filler metal layer, an alloy phase, an aciculate microstructure, and the base metal. The aciculate microstructure was formed with thin needle-like black and white phases.
The result of the EDX analysis on area 1 in Fig. 4 revealed that identical compositions of the filler metal remained at the center of the brazed joint. Thus, it is understood that brazing filler metal partially remained.
Besides the brazing filler metal layer, the alloy phase formed by the reaction between the base metal and the brazing filler metal was observed. The result of the EDX analysis of area 2 in Fig. 4 showed that, in this alloy phase, the main component of the base metal was titanium from the base metal and zirconium from the brazing filer metal. The Ti-Zr binary phase system is a complete solid solution; thus, it was assumed that this alloy phase was formed by the diffusion of zirconium from the brazing filler metal into titanium in the base metal. In addition, the Ti-Zr binary phase diagram shows that the -transformation temperature decreases with increasing zirconium content. This occurs until the composition of Ti-67 mass%Zr is obtained. Thus, this alloy phase was transformed to (-Ti, -Zr) at an elevated temperature in the brazing process. Consequently, nickel and copper, which were used as brazing filler metals, rapidly diffused into (-Ti, -Zr) in comparison to their diffusion into (-Ti, -Zr). An aciculate microstructure was thus formed during the brazing process. It is inferred that this alloy phase comprises a solid solution of (-Ti, -Zr) containing nickel and copper. An aciculate microstructure, which was assumed to be a eutectoid microstructure, was formed during the cooling process after brazing since the mixed microstructure comprised the (-Ti, -Zr) solid solution as a black phase, (Ti, Zr) 2 Ni, (Ti, Zr) 2 Cu, and the solid solution of (-Ti, -Zr) containing nickel and copper. Typical SEI of the cross-sectional microstructure at the joint brazed with No. 1 for 60 min and its EDX results are shown in Fig. 5 . As the brazing time increased, the brazing filler metal layer disappeared completely; in addition, an alloy phase and an aciculate microstructure were observed at the brazed joint. The growth of the aciculate microstructure was significant as compared to that obtained for a brazing time of 10 min. The EDX analysis revealed that each composition in area 3 in Fig. 5 was the same as those in area 2 in Fig. 4 ; thus, the brazing filler metal layer disappeared because the growth of the (-Ti, -Zr) solid solution containing nickel and copper caused isothermal solidification that led to the diffusion of zirconium, copper, and nickel into the base metal during brazing.
For the specimen with filler metal No. 2, similar results for brazed joint observation and EDX analysis were obtained under identical brazing conditions.
In conclusion, it is understood that for brazing that occurs below the -transformation temperature of the base metal, zirconium lowers the melting point of the filler metal, diffuses into the base metal as -Ti, and changes the phase of the base metal to -Ti. Diffusion of nickel and copper into the base metal was accelerated. Therefore, brazing was performed with sufficient diffusion as Transient Liquid Phase bonding because isothermal solidification was driven by rapid diffusion despite the short furnace brazing process.
In addition, the possibility of -transformation at the brazing temperature was checked by microstructure observation of the base metal where there was no effect of diffusion of the brazing filler metal elements. It was found that grain growth was not driven by re-crystallization because of overheating in that area. Thus, it is confirmed that the brazing temperature was below the -transformation temperature in this study.
The result of the shear strength test for a brazing time of 10 min was significantly low because the brazing filler metal partially remained and isothermal solidification was not yet completed. On the other hand, the results of the shear strength test for a brazing time of 60 min were almost the same as the base metal strength because isothermal solidification occurred completely and complete Transient Liquid Phase bonding was achieved.
Mathematical modeling of the isothermal solidifica-
tion process The isothermal solidification process was discussed based on the following mathematical modeling of the results of the EDX analysis and the diffusion equation. It was reported that the isothermal solidification process can be analyzed as a concentration profile Cðx; tÞ of the joint area with the solidliquid moving interface W during the isothermal solidification, as illustrated in Fig. 6 .
15) The diffusion coefficient in the solid phase is denoted by D.
where C L is the concentration of the liquidus, and C S is the concentration of the solidus.
Since ¼ ÀW=2 ffiffiffiffiffi Dt p , using the condition given in Fig. 6 , the solution for eq. (1) can be obtained as follows:
where C B is the concentration of base metal. When equation (3) is substituted in eq. (2), we obtain the following equation.
is calculated from eq. (4). When the thickness of the liquidus is 2h , the time necessary for isothermal solidification becomes
where C 0 and h 0 are the initial concentration and initial thickness of the liquidus, respectively. If the base metal is dissolved by the initial liquidus until equilibrium is attained at the liquidus/solidus interface, h is given as follows:
The calculation results of the isothermal solidification time t F at 880 C using eq. (5) are shown in Table 2 . These results are based on isothermal solidification, which progresses with the diffusion of copper, nickel, and zirconium. C L and C S were obtained from the EDX results in Fig. 4 . h was calculated, for which C 0 was the same as the compositions listed in Table 1 , and h 0 was 30 mm. D was calculated from the activation energy Q and vibrational frequency factor D 0 of each element in -Ti, which were obtained from the data book. 16) Based on these results of the calculations, it takes approximately 30 min to complete isothermal solidification with only the diffusion of zirconium, while it takes approximately 3 to 4 min with the diffusion of copper or nickel. In fact, isothermal solidification was completed in 60 min when it was controlled by the diffusion of zirconium, as shown in Fig. 6 . 
Conclusions
In this study, titanium was brazed with Ti-Zr-based alloy filler metals produced by gas atomization in an industrial vacuum furnace using a high-purity shield gas process, and the following results were obtained.
(1) The shear strength tests revealed that the joint strength of both filler metals No. 1 and No. 2 for a brazing time of 60 min was approximately 300 MPa, which is almost the same as the base metal strength. (2) Zirconium diffused into the base metal, thereby transforming the phase from -Ti to -Ti for a temperature below the -transformation temperature of the base metal, and the diffusion of nickel and copper into the base metal was accelerated. (3) The brazing filler metal remained at the brazed joint for a brazing time of 10 min; however, for an increased brazing time, it disappeared because of isothermal solidification. It is understood that isothermal solidification was mainly controlled by the diffusion of zirconium. 
